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wmenarmsortont - Coil Designs for Real Magnets

Superconducting
Magnet Division
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Tevatron Dipole Do they really look like an
A ideal cosine theta current

70 ¢ - distribution?
e\ e 3 Or that matter, even an
O 1 QWS {4 N\ elliptical geometry for
, o~ conductor having a

Figure 4.9: The Tevatron ‘warm-iron’ dipole (Tollestrup 1979).

constant current density?

o
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BROOKHFAIEN - - ‘mi 1

NATIONAL LABORATORY Co'l Cr'oss-seC'rlon OPTImIZOTIOH (1)
Superconducting
Magnet Division

The optimization of a coil cross-section for a good magnetic design
involves:

e Minimizing field harmonics
* Maximizing field and maximizing efficiency (field/turn)

e Minimizing Peak Field (Max. field on the conductor for given
central field)

At first, it appears to be fairly straight forward process,
thanks, in part, fo the modern automated codes like ROXIE
and PARZDOPT, eftc.,

In fact, one can build a magnet based on the optimized coil
structure obtained by a relatively new user.
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BROOKHFAVEN . - imi i

watiovarasoratory | Coj| Cross-section Optimization (2)
Superconducting
Magnet Division

But the advanced cross-section optimization is a bit more involved:
- One must avoid designs that create mechanical difficulties

* One should look for flexibility to allow future adjustments
* Also look for special requirements in each application.
"One approach fits all”, may not always be a good strategy.

My Experience:

 The initial design, quite often sets the eventual performance of the magnet,
difficulties in manufacturing the magnet, etc.

* As compared to building magnets, the design process takes relatively few
resources. Spend a reasonable time in looking for as many cases or options as
possible despite the pressure of delivering a final design “yesterday”.

* It is useful to automate the process so that one can examine many variations.
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BROOKHFVEN . - o oge
NATIONAL LABORATORY Fleld Har'moruc Deflnltlans

Superconducting

Magnet Division

The field quality in magnets is expressed in terms of the normal and
skew harmonic coefficients, b, and a, by the following expansion:

B, +iB,=10"xB,» (b, +ia,)(x+iy)/R]""
n=l1

where x and y are the horizontal and vertical coordinates, By is the field strength
of the primary harmonics at the “reference radius™ R. The values of the field
harmonic are given in the units of 104,

The definition used above (European convention) differs from that used in many
U.S. publications (US convention), where n-1/ is replaced by »n and the summation
starts from n = 0.

Note: US definition will be used while discussing earlier designs.
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BROOKHRUEN | Field and Harmonics From A Radial

Superconducting Current Block (No Iron Present)

Magnet Division

Consider a “Radial Block” between radii p, & p, and angle ¢, & ¢, having a
current density of J. The total current (/) and harmonics (4,, B,) are given by:

I =21J(p2 - p2)(p2 — 1)

41 = B2 (g — pr)[eos (42) — eos (4],

A, = —#nga In (&) [cos (2¢2) — cos(2¢4)],

n =1 refers to dipole.

R, is the reference radius.

P1
for n > 3
o R 1 1
4= n(n— 2) (p B p*;-z) [cos (ngz) = cos (ngu)]
B, = —};;J(Pz — Pl) [si‘n (‘?52) — sin (‘?51)] 3

See supplementary

MR, [pa . . notes for these and
By= - 2 in (E) [sin (2¢2) — sin (2¢1)] other derivations.
for n > 3
pod & R ( 11 ) | .
B, = _ _
5 (e ) o)

m
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AT AT MRT AT T AT AT A AT
NALTIOUNAL LADURAITURY

Superconducting
Magnet Division

Homework Assignment
(one block)

Assume that a current block is between radii 10 cm and 12 cm and it starts at an

angle ® =0.

Find the subtended angle (or the angle at which the block must end) for
* The normal sextupole harmonic to be zero. Is it a unique solution?

» Assume that you have dipole symmetry. How many other blocks must be
present to generate this symmetry (give number and angles).

 Compute the values of the first three non-zero allowed harmonics in Tesla
(A, and/or B)) at a reference radius of 6 cm.

* Do the above for the decapole harmonic to be zero. Is it a unique solution?

e Can you find a solution for which both sextupole and decapole harmonics
are zero? The block does not have to start from an angle ® = 0.

What happens if it is in a cylindrical iron cavity having a permeability of

(a) 10, (b) 100 and (c) 1000.

Hint: You can use the method of images.

|| Additional assignment: Make OPERA2d or POISSON model to study above. ||
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AT AT MRT AT T AT AT A AT
NALTIOUNAL LADURAITURY

Superconducting
Magnet Division

Homework Assignment
(two blocks)

Assume that there are two current blocks. First between radii 10 cm and 11 cm
and second between 11 cm and 12 cm. Both start at an angle © = 0.

Find the subtended angle (the angle at which block must end) for the normal
sextupole harmonic and decapole harmonics to be zero.

Is it a unique solution?

What happens if it is in a cylindrical iron cavity having a permeability of

(a) 10
(b) 100 and
(b) 1,000.

Hint: You can use the method of images.

|| Additional assignment: Make OPERA2d or POISSON model to study above. ||

Wl
!_hl‘h January 16-20, 2006, Superconducting Accelerator Magnets Slide No. 8 of Lecture 4 (Coil Optimization) Ramesh Gupta, BNL



BROOKHEAVEN , ,
NATIONAL LABORATORY How to Look for' Op‘hmal X-sections (1)
Superconducting
Magnet Division

1. Look for designs that look similar to cosine theta distribution (experience)
2. Use special techniques/software to find good designs (artificial intelligence)
3. Cover a large range of combinations and find the best

My recommendation, go for the 3" option (several thousand cases):

It does not take long to look a large number of possibilities - less than a
few seconds per case if the peak field is not computed.

* To save time compute peak field only in promising solutions.

(wa
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BROOKHEVEN , ,
NATIONAL LABORATORY HOW to Look for' Op‘hmal X-sections (2)

Superconducting

Magnet Division
Develop a front-end program to automatically
create several cases for a series optimization run.
In this optimization:

* Vary number of blocks and number of turn in
those blocks.

* Vary starting condition of wedges, etc. A

b Lﬂ,
Post-process results to select a limited number of I “ & f |
cases with filters for harmonics, etc. A APN
* Compute peak field for these selected cases. — %

Go back and carefully evaluate and further
optimize these few cases for performance,
mechanical layout, flexibility, sensitivity,
and/or any other requirement.

o
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An Example of Pre-processor for
Generating Cases for a Series Run

Superconducting

Magnet Division

A DO7GEN Run

1M 19, 00460
enter min,max moher of turms
13 21 2
3 N2 16, 00060
enter min,max moher of turms
12 183
5 N3 13, 00aG 0
enter min,max moher of turms

0. 1. 30,
for hlk [and increament in FOROL7]

0. 1. 30,
for blk [and inereament in FOROL7]

. 1. 4,
for blk [and inereament in FOROL7]

10 14 1

T N4 16,0
enter min,max moher of turns
121

1 N5 b, Q0G0
enter min,max muher of turns
181

11 N& 4.0
enter min,max ruamber of tums
201

YO HAYE SPECIFED 4 rcases=
Enter start cycle, end cycle

10001 20000

Base design has total tums =

ENTER min,max muher of total

7 9

0,0 . d,
for blk [and increament in FORO17]

. 1. 4,
for blk [and increament in FORO17]

0.0 0. 4,
for hlk [and increament in FORO17]

47250
[<ery for alll

£8
turns

. 23088 r':_—"‘___’__ii
B
. i
10CM mldplane
,—-—1 2'+0.1" — 1.1766 £0.0068mm
| ‘ (AT MIDPOINT)
! |
- f
- - 9.73£0.05mm

Do you wish a constraint on a subtotal?

eq total murber of turns for inner layer-- (yes/[N01)
¥

Enter First, Last blocks to be included in sum
113

ENTER lower,upper limits of sum

20 40f
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BROOKHAVEN An Example of Post-processor
Superconducting fOf‘ Selecfing Cases

Magnet Division

A PARSLCT Run

ENLADA>tY LANL-73TH1D.PARSLLT;

LANL ruiad #==5ELECT CASES##x 10-DEC-01 11:148:39 BNLADA STEA 200 s [ GUPTA. LANL]LANL- 731D, D04 ;1
¥ WP BLOCKS RIN ROUT  Current Thickness EEYSTONE AzInsul - Cable Information
1 4.0 11. 18,2165 19,3845 1. ERY 1.1 3.45

Turns Chisg T.F. Pole h2 b4 hé b8 b1o b1z W W2 W3 W4 WS CASE ENHIn BssInt

JEDARG 0,720 0,337 43,00 0,05 0,03 -0.85 Q.00 0,00 0,00 0.469 2.18% 0,764 9,297 0,303 301 26,598 24.93
JEOCAS 0,951 0,341 43,00 -0.06 -0.13 -0.96 0,00 0,00 0.00 0,399 1.368 2.439 B8.276 0,533 300 25.430 2I5.78
JEOCHY 0,451 0,342 42,99 -0.13 -0.12 0065 0,00 .00 G.00 0,308 1,541 2,103 8.304 0.75h 306 24,999 26.10
JEDCAS 0,579 0.342 42,97 -0.07 -0.17 -0.74  0.00 0,00 0.00 0,300 1.514 2,084 8,372 0,721 307 24,740 26.28
JOAdde 0,447 0,339 43,00 0,08 -0.03 0066 0,00 0.00 O.00 0,493 2,666 0,324 8.904 0,572 346 25,952 25.40
JOAASS 0,570 0,339 42,99 0,00 0,09 -0.7h 0,00 0,00 0.00 0,499 2,682 0,413 9.046 0,429 347 25,924 25.41
JOAATS 0,641 0,339 43,00 0,00 0,04 0,80 0,00 0.00 0,00 0,476 2,623 0,325 9,126 0.460 349 2h.554 25,67
JOACEd 0,698 0.343 42,92 0,01 0,02 -0.83  0.00 0,00 0.00 0,387 1.6091 2,273 8,287 0,303 350 24,896 26.20

100 cagses examined. 8 cases selected for: CHISD< 5.0000 TF> 0.300 POLE<AS.00: |hn|< 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
A=10 B=11 C=12 D=13 E=14 F=1h G=16 H=17 I=1% J=19 K=10 L=21 M=22 N=13 0=24 P=25 (=216 R=27 5=218 T=20 U=30 V=31 W=32 X=33 ¥=34 ZI=3%
FILEnamE = ENLADASTEAZ00 : [ GUPTA. LANL]LANL- 73TH1D. D041

.qa}
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BROOKHFAVEN

AT AT MRT AT T AT AT A AT
NALTIOUNAL LADURAITURY

Superconducting
Magnet Division

Influence of Coil Parameters in
the SSC 50 mm Aperture Dipole

Note the order of

magnitude of change

in harmonics due to a

25 micron change in
dimension.

it

Table 4.3.1: The effect of a +25um change in a wedge thickness or pole
width on the transfer function and the field harmonics in the SSC 50 mm
aperture dipole magnet. The field harmonics are calculated with a 10 mm
reference radius. The numbering of the wedges is counter-clockwise from

the midplane. The pole width is measured from the vertical axis.
(coil radius = 25 mm, reference radius = 10 mm)

Parameter §TF &by by Obg
changed 10—+ 10—+ | 10°* 10—
Wedge No. 1 -0.78 -0.24 0.01 0.005
Wedge No. 2 0.42 0.30 0.03 -0.005
Wedge No. 3 1.16 0.36 -0.02 0.00
Wedge No. 4 -0.29 -0.06 0.00 0.00
Pole Width (inner) 2.0 0.23 -0.03 0.005
Pole Width (outer) 1.13 0.21 0.00 0.000

Wedge No. 4 is in outer layer.
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AT LT AT 4T T A T AT 4 P r
NALTIOUNAL LADURAITURY

Superconducting

Influence of Coil Parameters in
the RHIC 80 mm Aperture Dipole

Magnet Division

1Y

16.9828

= L] 1

Table 4.3.2: The computed change in the transfer function and field har-
meonics produced by a +25um (0.001") change in the wedge thickness, pole
width or midplane gap in the RHIC 80 mm aperture arc dipoles. The field
harmonics are calculated with a 25 mm reference radius. The numbering
of the wedges starts at the midplane. The pole width and midplane gap
are measured from the vertical and horizontal axis, respectively.

(coil radius = 40 mm, reference radius = 25 mm)

Parameter §TF 6bs éb, 6bg §bg
changed 1o-+L 10~ 10-* 10— 10-4
Wedge 1 -0.6 -0.98 -0.122 0.061 0.043
Wedge 2 0.1 0.69 0.423 0.022 -0.050
Wedge 3 1.1 1.42 -0.090 -0.068 0.041

Pole Width 1.7 1.11 -0.154 0.039 -0.014

Midplane Gap -0.9 -1.68 -0.557 -0.156 -0.050

Notice that the magnitude of change in
harmonics due to a 25 pm change, is much
larger in RHIC dipole than in SSC dipoles.

. WHY?

= |
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BROOKHEVEN Change in Harmonics for 0.1 mm
Superconducting Change in Dimension in DO Dipole

Magnet Division

RHIC Insertion Dipole D0 with single layer coil
Colil inner radius = 100 mm,

Harmonic reference radius = 65 mm

g/
¥

ST
11147

(i
!,[ fh Slide No. 15 of Lecture 4 (Coil Optimization)

"D0 MAGNET" : Rough Cross section Optimization Spread sheet midplane
To iterate cross section for b2 & b4 with midplane and pole shims and fixed wedge changes, go to line b65:b72
Expected Parameters of the Iterated Design b2 | b4 | b6 | b8 | b10 | b12 | b14 | b16
Coil Prestress 1 | mil from the target. |Expected Harmonic 6.23| 2.24| 0.54| 0.240|-0.012| 0.132|-0.047|-0.099|
Coil Size db2 db4 db6 db8 db10 db12 db14 db16
TargetIncrease| 5 [in Coil size |Mutliply Change(mil) Targetb2n -8.00 -2.300 -0.16 -0.15 0.016 -0.15 0.039 0.096
Total Increase | 6 [mil in compression | | | -1.77] -0.06] 0.38] 0.09] 0.00] -0.02] -0.01] 0.00
Midplane(mil) 1 |Fixed Pole 0.25 4/ -0.00333) -5.79 -1.85 -0.48 -0.16/ -0.06 -0.02 -0.01 0.00
PoleShim(mil) 1 |Decrease Pole 0.25 4 0.006/ 398 -0.53 0.09) -0.05 0.01 0.00 0.01 0.00
Wedge1(mil) 4 |Fixed Pole 1 4 -0.0012. -1.32 0.53 048 0.14) 0.02/ -0.01] -0.01 0.00
Wedge2(mil) 0 [Fixed Pole 0 4 0.00119 3.05 1.28 -0.06 -0.16. -0.01 0.02 0.01 0.00
Wedge3(mil) 0 |Fixed Pole 0 4 0.00314 480 0.30 -0.37 0.02 0.03 -0.01 0.00 0.00
Wedge4(mil) 0 |Fixed Pole 0 4 0.00508 4.89 -0.65 -0.01 0.04 -0.04 0.01 0.00 0.00
Midplane+4mil | 0 |Increase Pole 0 4 -0.0097 9.76 -1.31 -0.57, -0.11 -0.07 -0.02 -0.02 0.00
Wedge1+4mil 0 |Increase Pole 0 4 -0.00758 -5.28 1.06 0.389 0.187 0.006 -0.006 -0.013 0
Wedge2+4mil 0 |Increase Pole 0 4 -0.0052) -0.91 1.81 -0.155 -0.117 -0.018 0.025| -0.002 0
Wedge3+4mil 0 |Increase Pole 0 4 -0.00323 0.83 0.82 -0.462 0.067 0.023 -0.004 -0.006 0.004
\Wedge4+4mil 0 |Increase Pole 0 4 -0.0013  4.07 -1.37 0.439 -0.127 0.174 -0.184 -0.057 0




BROOKHFEAEN . . .« e
NATIONAL LABORATORY A Flelele Des|gn fr'om The Beglnnlng
Superconducting
Magnet Division

Design Philosophy:

[~ : )
 Start out with a design that allows significant @ 2

adjustability for field harmonics and
mechanical parameters (cable thickness, Insulation
wedges, etc.).

* A flexible design is generally economical,
efficient and produces magnets with better
performance. I think it’s a prudent approach.

=
midplane

10CM

Geometric: Start with a larger than required shim and midplane cap. Then adjust it, as
required without changing the cross-section of the cured coil. One can also adjust the layers
of wedge/cable insulation, if needed. These three parameters can adjust the first two allowed
harmonics and pre-stress or cable insulation. This approach was used extensively in various
RHIC magnets.

Saturation: Start out with holes in the yoke and fill them with magnetic iron rods later.
Or, punch holes in yoke laminations later.

o
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BROOKHFAEN . . . .
Nmowg LABORATORY Change in Mldplane Gap to AdJLIS'l' Harmonics

Superconducting | (can be easily done by changing the size of the ground-plane insulation cap)

Magnet Division

Table 4.4.1: The computed and measured change in field harmonics at
25 mm reference radius due to a change in the coil midplane gap. The
midplane gap was increased from 0.114 mm to 0.16 mm in the rebuilt
80 mm aperture RHIC model dipole magnet DRS009. In the production
magnets, the midplane gap was changed back to 0.114 mm from (.16 mm
| to adjust the b, harmonic.

Coil-to-coil Ab, Aby Abg Abg

midplane gap Computed -3.0 -1.0 -0.28 -0.09

(1 n dipole) Measured | -3.0 | -1.0 | -0.20 | -0.12

Table 4.5.1: The measured and computed change in field harmonics
caused by an asymmetric increase in the coil-to-midplane gap in the pro-
totype 130 mm aperture RHIC interaction quadrupole QRI002. The gap
was increased by 0.1 mm in the horizontal plane only. The harmonics are
given at a reference radius of 40 mm.

Coil-to-coil Abs Abs Abs Abg
midplane gap Computed | -6.8 | -1.3 | -0.45 | -0.16
(2 in quads)

Measured -6.5 -1.2 -0.30 -0.17

o
!_hl‘h January 16-20, 2006, Superconducting Accelerator Magnets Slide No. 17 of Lecture 4 (Coil Optimization) = Ramesh Gupta, BNL



BROOKHFAVEN

AT AT MRT AT T AT AT A AT
NALTIOUNAL LADURAITURY

Superconducting
Magnet Division

RHIC 100 mm Aperture Insertion Dipole:
The first magnet gets the body harmonics right

Geometric Field Errors on the X-axis of DRZ101 Body

First magnet and first attempt in RHIC 100 mm aperture insertion dipole
A number of things were done in the test assembly to get pre-stress & harmonics right

Harmonics at 2 kA (mostly geometric)

Field Error Profile on the midplane at an Intermediate Field Measured in 0.23 m long straigth section.
5.E-04
4.E-04
3.E-04 N\ .
2504 |\ Reference radius = 31 mm
g e — b1 -0.39 a2 -1.06
%’ 1.E-04 b2 -0.39 a3 -0.19
o b3 -0.07 a4 0.21
4E04 b4 0.78 a5 0.05
-S'E-M-so 60 -4‘0 20 0 20 4‘0 60 80 b5 0.05 a6 0.20
Percentage of Coil Radius b6 0.13 a7 0.02
b7 -0.03 a8 -0.16
b8 0.14 a9 -0.01
Note: Field errors are within 10 at 60% of coil radius and ~4*10 at 80% radius. b9 0.02 a10 0.01
b10 -0.04 all -0.06
b11 0.03 al2 -0.01
Later magnets had adjustments for integral E:g %'10‘; :12 g'gg
field and saturation control. b1d 0.10 215 0.02

The coil cross-section never changed.

I

All harmonics are within or close

to one sigma of RHIC arc dipoles.
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BROOKHIAVEN Average Field errors ~10-4

AT LT AT 4T T 4T AT AMATYLLY
NATIOUINAL LADURKATURKY

. . -
Superconducting up to 80% Of the coil radius
Magnet Division
Note: Geometric Field Errors on the X-axis of RHIC DRZ magnets (108-125)
80% of coil Coil X-section was not changed between 1°' prototype and final production magnet
radius, not AFlexible & Experimental Design Approach Allowed Right Pre-stress & Right Harmonics
just 2/3. Estimated Integral Mean in Final Set
At Intermediate Energy (Warm-cold correlation used in estimating)
0.0005 Harmonics at 3kA (mostly geometric)
At 80%, you 0.0004 | Reference radius is 31 mm (Coil 50 mm)
' b1 -0.28 a1 -0.03
f‘re close t.O 0.0003 1 b2 -0.26 a2 -3.36
inner radius 0.0002 | b3 -0.07 a3 0.03
of beam o 00001 b4 0.15 ad 0.48
. Q T~ b5 0.00 a5 0.04
tube. This a 0 —\ b6 0.32 a6 0.24
means that T -0.0001 ¢ b7 0.00 a7 0.01
almost -0.0002 | b8 -0.08 a8 0.05
. -0.0003 | b9 0.00 a9 0.00
entire 00004 | b10 012 | a0 20.02
physical ' b11 0.03 al1 -0.01
¢ h -0.0005 — — b12 0.16 a12 0.06
aperture has 80 -60 -40 -20 0 20 40 60 80 513 0.03 213 0.03
become a Percentage of Coil Radius b14 -0.10 ald 0.02
gOOd field *Raw Data Provided by Animesh Jain at BNL
aperture. *Field errors are 10™ to 80% of the aperture at midplane.*

(Extrapolation used in going from 34 mm to 40 mm; reliability decreases)
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BROOKHEVEN Octupole in Quadrupoles When

AT AT MRT AT T AT AT A AT
NALTIOUNAL LADURAITURY

Superconducting Quad Assembled Like DipOleS

Magnet Division

Measuned by (ocapole) £ o)

wa
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BROOKHEVEN A Simple Method For Removing

AT AT MRT AT T AT AT A AT
NALTIOUNAL LADURAITURY

Superconducting OC?UPO'C From Quad

Magnet Division

P)p,gn_, ?Yob'e'_"_
(@) Tfjiha T assemble

qMol ,b\ke ou»o ’Q

O~
(k) S‘l'a,d/«'ug Vo ke L:oh: v Uvenlo,

(w lach Lecomes Wown- At enlon O-HZ., QSSQIML‘{;)

- STt OU n(ouhé voke,
Co +hot WwWhew a\SSQMLl&A,J"EA Adundl

e TOO ‘(‘a‘t- fw +L\d ( gv\d ft—ho WP'—"\S; V’—j- 3 o&.ﬁ

T 2. (veddi delbyate qsv“““"";‘)’o.,‘.",ﬁf"‘u"
T w%ﬁﬂh&adl »fwﬁka"o_zi_'__'_*'* ;O-Q_MM

——: as TQS*QA dlv\o’ ‘AJOly“he_d_(l .
AND/cR S L iai papanr e TU'-,:NC’EE’J’LI;!)‘ o) mwA

wwwwwwwwwwwwwwwwwwwwwwwwww
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BROOKHFIVEN S . H
NATIONAL LABORATORY M|n|m|za1-|on Of Non-a"owed Har'monlcs

Superconducting

Magnet Division

Non-allowed harmonics are those that are RHIC ARC QUADRUPOLE
not allowed by basic symmetry.

— WELD BACKING STRIP
WARM—UP HEATER —

In quadrupoles, the allowed harmonics INSULATOR
are b1, bS, b9, b13, etc. HELAM —

— ELECTRICAL BUS SLOT
CONTAINMENT VESSEL

BEAM TUBE

*  For cost reasons, RHIC quadrupoles are colL
assembled like dipole (i.e. with 2-fold symmetry
rather than 4-fold).

—STAINLESS STEEL
SHEAR PIN

— STAINLESS
/ STEEL

: ). CKEE)IY_LARlNG
*  Also note that pole notch is only at two places = I
instead of four, as required by quad symmetry. YD PLane

Both of above generate octupole (b3) and other
higher order harmonics (b7, b13, ...) that are

not allowed in an ideal quad. The magnitude of e roo -
octupole generated by the first source is several s s | A

units, whereas the magnitude generated by the TR
second source is a few tenth.

— LOADING
FLAT

— SURVEY
NQOTCH

A deliberately designed asymmetry in the coil midplane gaps (gap between coils at the
vertical plane vs. gap at the horizontal plane) cancels the octupole from the above sources.

wa
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Superconducting
Magnet Division

Optimization/Calculations
of Other Quantities

* Minimization of field harmonics is the primary and the most time
consuming task of optimizing a coil geometry.

 However, the overall coil design requires calculations and
optimization of several other quantities.

They will be explained in the next few slides.

* The peak field is the maximum field on the superconducting coil,
whereas the field enhancement ratio is the peak field on the coil as
compared to the field at the magnet center at the same current.

* One major concern is the minimization of this enhancement ratio.

* Magnet performance is limited by the maximum field on the
superconductor and the useful field is determined by the field at
the magnet center for that peak field on the coil at a given current.

o
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Superconducting
Magnet Division

Computed Peak Fields in SSC Dipoles

I

Table 6.2.6: Peak fields in the SSC 50 mm dipole as computed
using code MDP.

1 B, Inner Quter
By, T %’f Location | Bp,T %‘f Location

7.2374 | 1.048 5% 6.0016 | 0.869| 11%

7.5995 | 1.048 5% 6.2660| 0.869| 11%
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Computed Performance of SSC Dipole

Superconducting

Magnet Division

Table 6.2.7: Expected quench performance of the SSC 50 mm dipole
with 5% cable degradation (J. = 2612.54/mm?) and at 4.35 K tempera-
ture. S, cncn 18 the computed current density in the copper at quench and

Se.rr at the design field of 6.7 Tesla.

Layer | Cu/Sc| B,, 1. Brargin | Tmargin | Squencn | Serr
| | Ratio | tesla | A |%over 6.7T | kelvin | A/em? | A/em?®
Inner 1.7 7.149 | 7126 6.7 0.519 736 681
1.5 7273 | 7273 8.6 0.625 188 713
1.3 | 7.399 | 7411 10.4 0.730 853 799
Outer 2.0 | 7.268 | 7267 8.7 0.580 919 834
1.8 | 7.445| 7470 11.1 0.709 980 862

the magnet will quench at the design central field (Bgesig=6.7 tesla). The field margin is

defined as follows
B.s.s - -Bdcsign

Bdﬂss'gﬂ

% 100

Bmar_giﬂ (%) =

I
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Superconducting

Error in Parts and Influence in

Field Harmonics on SSC Dipole

Magnet Division

Table 6.2.8: The effect of a 0.05 mm increase in the given parameter on

the transfer function and the field harmonics.

Parameter TF by b, by,
changed T/kA 10-* 10-* 10-*
Radius of Block No. 1 0.31 -0.25 -0.10 -0.01
Radius of Block No. 2 -0.32 0.31 0.12 0.01
Radius of Block No. 3 -0.12 0.36 -0.02 -0.01
Radius of Block No. 4 -0.20 0.33 -0.08 0.01
Radius of Block No. 5 -0.11 -0.04 -0.01 0.00
Radius of Block No. 6 -0.78 0.22 0.03 0.00
RMS Blocks 0.38 0.27 0.07 0.01

I

Thickness of Wedge No. -1.56 -0.48 0.02 0.01
Thickness of Wedge No. 0.83 0.59 0.05 -0.01
Thickness of Wedge No. 2.32 0.71 -0.04 0.00
Thickness of Wedge No. -0.57 -0.11 0.00 0.00
RMS Wedges 1.48 0.52 0.03 0.01
Cable thickness inner 2.63 1.08 0.05 -0.01
Cable thickness outer 1.99 0.48 0.02 0.00
RMS Cable thickness 2.33 0.83 0.04 0.01
Pale angle inner -4.01 -0.45 0.06 -0.01

Pole angle outer -2.26 -0.42 0.00 0.00
RMS Pole angles 3.25 0.43 0.04 0.01
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Superconducting

Stored Energy and Inductance
Calculations

Magnet Division

The stored energy and the inductance are related through the following formula :

Stored Energy = tInductance X (C’m‘*rent)z.

The inductance decreases at high field as the iron yoke saturates.

The results of POISSON computations for the SSC 50 mm aperture dipole are given

at 6.5 kA in Table 6.2.9 for the stored energy per unit length and the inductance per unit

length. The total stored energy and the inductance for a 15 m long dipole are also given.

Table 6.2.9: Stored Energy and Inductance at 6.5 kA as computed with
the code POISSON for the S5C 50 mm aperture dipole.

2-d Modeling programs
compute stored energy.
Don’t forget to
multiply by the
program symmetry.

I

Stored Energy per unit length, kJ /m 105.0

Stored Energy for 15 m long Dipole, kJ 1575.6

Inductance per unit length, mH/m 4.972

Inductance for 15 m long Dipole, mH 74.585
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Superconducting
Magnet Division

Individual Turns of the SSC Dlpole

Lorentz Forces on the

Figure 6.2.5: The magnitude of the components of the Lorentz force on
the individual turns in a SSC 50 mm prototype magnet. The radial compo-
nent of the force (F, ) pushes the coil outward and the azimuthal component
(F,) compresses the coil towards the midplane (horizontal plane). There
are 19 turns in the inner layer and 26 turns in the outer layer of each

quadrant. Computed Lorentz forces at the design

field of 6.6 T (at ~6.6 kA) in 55C dipole.

LORENTZ FORCE
Azimuthal(inner)
g P Azimughal(oyter)
g Pl *
Ry ]
S o
é =1 _ ,xxx i ¥ fem)
£ N ] X
&
Low F, in
] outer block. ||
"
Radial(outer) WHY:
0 s w0 15 =2 2 20 ..
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Superconducting Blocks Of the SSC Dipole

Magnet Division

The table summarizes the forces on the
blocks in the example SSC dipole.

BLOCKFx IbJin [Fy. Ib/in_ [Fx.N/m Fv,N/m

1005.46) -108.99 1.76E+04 -1.91E+04]
1312.68) -237.56 2.30E+04 -4.16E+04
612.52 -151.97] 1.07E+04 -2.66E+04
65099  -116.64 1.14E+095 -2.04E+04
231.73] -384.60 4.06E+04 -6.74E+04
1208.86] -1371.24 2.12E+04 -2.40E+05
Total 5022.24) -2370.99 8.80E+094 -4.15E+05

S| | o] —

o
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Superconducting
Magnet Division

Magnetic Design

* Optimize for low integrated harmonics
» Guide design towards lower peak field without large increase in length

« Compute cross talk and fringe fields

Mechanical Layout

* Minimize strain and tilt of the cable in the end. Minimize large changes

« Cable and entire ends should be well supported (constrained)

In low field magnets, magnetic design drives the end design, whereas, in
high field (high force) magnets, the mechanical design must!

o
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Superconducting
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End Harmonic Optimization (conceptual)

Superconducting
Magnet Division

Ends without spacer Ends with spacer
(large harmonics and peak field) (integrated harmonics & peak field reduced)
B3 (T) 02 I .
_ﬁ -01m 0.tm 0'?m 2 0.1 B
e ——— P — t T . '
-7 ] E
P ——— 1 -0.2_051 ------ O'---'--"O'1'§
i O 20 -[- a) iz::m:;ige\;;ew of HERA ccil head b)-Computed sextupole field of HERA d;pole
MAIN. SUPERCONDUCTING » End spacers increase the straight section length of some turns

(turns at midplane go further out)

» Now consider the integral field generated by each turn. The
harmonic component generated by a turn will depend on the angular
location of it. The integral strength will depend on the length.

A proper choice of end spacers can make integral end-harmonics
small. However, note that the local values are large.

 Spacer also reduce the maximum value of field on the conductor
(peak field) in the end.
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NATIONAL LABORATORY Block str.uctur.e

Superconducting

Magnet Division

Straight section (6 blocks, 70 turns):

30 20 10 4 3 3 (counting from midplane) j:
3 34 10 20 30 (counting from pole)
End section (8 blocks, 70 turns): e
10 584 13 4620 0
(counting from pole) 120
Straight section => pole 100
3,3,4 =>10 8.0
410,20 =>5,8,4,13 50
30 =>4, 6, 20

4.0

20

%80 20 40 60 50 100 140 18.0

Equal spacing in “Red Color” blocks is used as harmonic optimization parameters

m January 16-20, 2006, Superconducting Accelerator Magnets Slide No. 33 of Lecture 4 (Coil Optimization) = Ramesh Gupta, BNL



BROOKHFAVEN

L ol ™t

AT LT AT 4T T A T AT 4 P r
NALTIOUNAL LADURAITURY

Tilt of Turns in Various End Blocks

Superconducting
Magnet Division
E R B R B S B SR
1 Small Tilt with monotonic change [
Im‘;!_ g © o M . B
T " . fu] ] =
{1 Block with Midplane Turns_ _ o = = = ° -
= 1 p oo " o =@ 8 I
Gl g o oo o-nf I = . -
] L I
. o [m] = = -
’.?,ﬂ ; — g o o © . !} B0 E TILT BI B0 OQUTSPC IN SFC —
] J g o oo o N R
e |- gao”® I
= o]ooog " e I
g m__ o 2 "_-_n#-__e_w_ﬂ_.-——-'"““‘m r __
- o P - S - -
1 o _2”3' ..JJL’"'_:_T i L
= | o =] u-u:;""”r L
L B ] s
. ‘{f I
| a] 2 ;;F L
o | o g < a B
m_ 4 matm F —
- o o o 3..‘..‘,. S e L -
. 1 Block with Pole TUMS i mames " 2 00 |
.ﬂ: T T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T
O 4 8 12 16 20 24 28 a3z
Tarn No. in a Block
[CUPTAMORGAN. MORCAN. CNATND.LANL]LANL-TILT-AKF 10:86:1 6 . 2¥-AFPR- 02  GIPLOT
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Superconducting in Various End Blocks

Magnet Division

AKF indicates the deviation from constant perimeter (hence strain on the cable)
Large Deviation from 1.0 is bad

j=w]
& R O E N Y B A N B
= L
% Small deviation with monotonic change [
371° . -
Z]1  Block with Pole turns 3 }
=
AN
g iy
2 8]
E - 2e] L7
=1 % o ™ = ; ;-'}*
= 3] T e
= 21 "'-;-_:_"‘;:'—*-4—-—-—_-_--:—&»-
o o O O ; R e
210, D R R R M M A A
5 "feeang g, — V.Y
g,—_ " P 900000000 O0ooo0ooo 0o __
© | o D00 oo oo 0ooooDoooo [= I = N = = Y = Y = Y N N Y = Y = I = T - B
5 Block with Midplane turns |
o= — T —T — T — T — T — T — T —T
0 H 8 12 16 20 24 28 az

Tarn No. within a Block

[FUPTAMORCAN MORGAN, CNITHT.LANL]LANL- TIIT-AKF 10:29:18 , 2¥-APR-02 GFLOT
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Superconducting
Magnet Division

Coil End: Design A

19 8pr/2002 12:32:02

V= VECTOR FIELDS
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NATIONAL LABORATORY Peak Field Minimiza.l.ion
Superconducting
Magnet Division

A high peak field reduces the magnet quench performance.
> A large effort must be undertaken in 2-d optimization.

sz L | Usually about a thousand
i cases are examined to
e *Minimize harmonics
*Find a solution with

lower peak field

*Good mechanical turn
configuration (wedges,
tilt angle, etc).

[27720ri2002 21:32:24 Page 4
OPERA-2d
nd Post-Processor 2500

Fre a

A series of computer programs have been
written to carry out the above optimization in
an exhaustive and systematic manner.
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wrionstaoratort | Pegk Field in the Body of the Magnet
Superconducting
Magnet Division

Peak Field Location (pole turn)

25/8p1/2002 14:44:32

Map contours BMOD
[] 684657264001

| 1.207416E+000

V- VECTOR FIELDS
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Magnet Division

An example of an End Design

v | 3d-¥Yiewer - click right mouze button for menu

|

1.1 4%2E+DCQ “!'-'n,,
™ .

LINITS
Length Lom
htzgn Flux Den :gauss
hiagnetic field : oersted
Magn Scalar Pot: oersted-cm
Magn “ector Pot: gauss-cm
Bec Flux Den : Com™
Bectric field DWeme
Conductivity  : 5 cm”
Current density : Aem
Power D
Force :N

Enengy o

LOCAL CODORDE.

[z672prr2002 15:52.53 Fagez |

V- OPERA-3d

Post-Processor 017

1 659FE35E+001
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Superconducting
Magnet Division

Peak Field in the End

UNITS
Length TCm
wagn Flux Oen : gauss
hwagnetic fisld  : oersted
hagn Scalar Paot @ aersted-cm
wagn “ector Pot: gauss-cm
Bec Flux Den @ Com™
Bectric: fizld Wome
Conductivity % cm™
Current density : Acm™
Power e
Forge N
Energy od

LOCAL COORDS.
Wocal =00
Ylocal =00
flocal =00
Theta =00
Phi =00
Psi =00

[z6iapri2002 15:53:53 Page 8 |

V- OPERA-3d

Past-Processor 8.017
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Superconducting How does it compare to Body?

Magnet Division

v~ POST Processor OPERA-3D

Fil=  Edit ‘window Help
UNITS ! OPTIONS DIZPLAY | CONDUCTORL FIELDZ !

In this example, the
peak value is larger in
the end than in the
body of the magnet.

In a typical end design,
one removes iron (or
increases yoke i.d.) to
reduce field in the end.

Component. EMOD
700 ?8.45044|38452039 86 9008876904078
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Superconducting

Magnet Division

In cosine theta magnets, the conductors in the Ends
are more strained and the mechanical design is
generally less robust.

Therefore, one would like the peak field in the Ends to
be less than that in the body of the magnet, to give
conductor a larger margin.
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Superconducting

Example
(optimized):

Re-adjusted
end spacer
brings field in
the ends down
to S.S. level.




BROOKHEAEN Peak Field
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Superconducting Sfmight Section vs. EﬂdS

)]
=

7{Sep/f2002 09:29:25

fi

__>4_Peak field in ends with 3 re-¢

JE496E+0 I:I'i:_ ‘
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Superconducting
Magnet Division

Straight section (6 blocks, 70 turns):
30 20 10 4 3 3 (counting from midplane)
3 34 10 20 30 (counting from pole)
End section (8 blocks, 70 turns):
10 58 4 13 4620 e
(counting from pole) 120
Straight section => pole 10.0
3,3,4 => 10 8.0
4,10,20 =>5,8,4, 13 5.0
30 =>4,6, 20
Must avoid large Ultum spacers
(subdivide, if necessary)

20.0

18.0

16.0

°80° 20 20 60 80 100 140 18.0
Equal spacing in “Red Color” blocks is used as harmonic optimization parameters
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Superconducting

Magnet Division

o)
¢}

Parameters optimized:

End spacers in block #2 (with 5
turns) and end spacer in block #7
(with 4 turns).

All spacers with in a block have the
same size.

«Q
o

16 20 24
| Ll I

12
|

Changing the size of two group of end
spacers was adequate to get all
harmonics small.

Computed values:

B:< 1 unit-meter,;

B, and B,; <0.1 unit-m
Effective Magnetic Length ~15.6 cm
10,5,8,4,13,4,6,20 Mechanical Length ~28 cm + End Saddle

Block confiquration:
(8 blocks, 70 turns):

m]{'a (counting from pole)
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Superconducting
Magnet Division

Field through the Coil Ends

I

Mechanical length of this end (including
end saddle) ~34 cm : ~ 2 coil diameters

Contribution to magnetic length ~16 cm

[
B1(T)@12cm

200 210 220 230 240
Z(cm)

250
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Superconducting b-: dodecapole
Magnet Division 9]
400 I
300 | B5(GAUSS)@12cm
200
7 100 < Harmonic in Gauss
3 o
& 100 . :
200 Harmonic in Units
-300
-400 ‘ ‘
200 210 220 230 240 250
Z(cm)
200 I I I I
150 - b5 at 12 cm in 10”4 units, normalised to central gradient
100
£ 50
S
8 50
End spacers are optimized to 2 1'00
produce low integral harmonics 150 |
-200
200 210 220 230 240 250
Z(cm)

o
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Superconducting

Magnet Division

250

Harmonic in Gauss

Harmonic in Units

b9 at 12 cm in 1074 units, normalised to central gradient

100
80 B9(GAUSS)@12cm
60
—_ 40 <
% 20
o 0
g’ -20
-40
-60
-80
-100 ‘ ‘
200 210 220 230 240
Z(cm)
50
40
30
20
§ 10
.y 5 0
End spacers are optimizedto || g -1°
: . -20
produce low integral harmonics 30
-40
-50
200

210

220 230 240 250
Z(cm)

!hfh January 16-20, 2006, Superconducting Accelerator Magnets

Slide No. 49 of Lecture 4 (Coil Optimization)  Ramesh Gupta, BNL



BROOKHFAVEN

w. | Field Harmonics through the End : by,

Superconducting

Magnet Division
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20 I
15 | B13(GAUSS)@12cm
10 o
7 5 < Harmonic in Gauss
3 o
8 5
“ 0 Harmonic in Units
-15
-20
200 210 220 230 240 250
Z(cm) 10 b13 at 12 cm in 1024 units, normalised to central gradient—
8 _
6
4 _
@ 0
End spacers are optimized to 5 j
produce low integral harmonics 6 -
-8
-10
200 210 220 230 240 250
Z(cm)
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Superconducting

Magnet Division

We are now expert (almost!) in:

2d coil design

Requires good mechanical, magnetic and flexible design.

3d coil design

Requires good mechanical and magnetic design.

We have studied 2-d and 3-d design optimization in
cosine “n” theta (or cylindrical coil) geometry.

Optimization of alternate magnet designs with
racetrack coils will be discussed in a separate lecture.
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